Size evolution of site-controlled InAs quantum dots grown by molecular beam epitaxy on prepatterned GaAs substrates J.
In this letter we study the influence of temperature and excitation power on the emission linewidth from site-controlled InGaAs/GaAs quantum dots grown on nanoholes defined by electron beam lithography and wet chemical etching. We identify thermal electron activation as well as direct exciton loss as the dominant intensity quenching channels. Additionally, we carefully analyze the effects of optical and acoustic phonons as well as close-by defects on the emission linewidth by means of temperature and power dependent micro-photoluminescence on single quantum dots with large pitches. C The optical properties of site-controlled quantum dots grown on lithographically pre-patterned substrates 1 are frequently detrimentally influenced by defect inducted linewidth broadening mechanisms. Especially for GaInAs quantum dots grown on (001) GaAs, which is the system of choice for most fundamental semiconductor quantum optical experiments, 2 spectral diffusion can severely affect the emission properties from quantum dots positioned on top of a crystal defect. However, to date the most promising technique to obtain a high degree of absolute position control over an arbitrarily large number of QDs in one processing step is the growth of quantum dots on top of etched nanopits. 1, 3 Initial reports on single QD and ensemble QD properties of such QDs have outlined the problems affiliated by this technique, namely a severe single-QD linewidth broadening by defect induced spectral diffusion 3, 4 and a decreasing internal quantum efficiency by nonradiative relaxation processes. 5 Careful process and sample growth optimization 6 have led to strongly improved emission characteristics of both the single [7] [8] [9] and the ensemble QD properties 9, 10 with almost comparable properties to self-assembled high quality GaInAs QDs. This has led to recent applications of such positioned QDs in cavity quantum electrodynamics experiments, 6 and even the demonstration of indistinguishable photons from QDs comprising some long range ordering. 11 We devote this report to an in-depth analysis of broadening mechanisms. The sample with a large QD pitch (2 μm on the investigated sample piece) was optimized for single QD investigations. The growth-and fabrication recipe is described in detail in Ref. 7 . Shallow nanoholes were defined into epitaxially grown GaAs buffer layers by means of electron beam (E-beam) lithography and wet-chemical etching. On top of these patterned surfaces, ordered layers of site-controlled QDs were grown on a layer sequence comprising a seeding-layer and two GaAs separation layers. The growth sequence is schematically depicted in the cartoon in Fig. 1 show emission spectra from two selected SCQDs (labeled as QD A and B in the following) from this sample at different temperatures up to 93 K. While QD A comprises a linewidth of 98.8 ± 0.9 μeV at 15K, the dominant emission feature of QD B has a linewidth of only 48.3 ± 0.8 μeV under these excitation conditions. We will only focus on the dominant emission feature in the spectrum, presumable representing the neutral exciton line. The close-by lines are attributed to multi-excitonic and charged complexes from the same QD or from emission from neighboring SCQDs which are simultaneously excited. As discussed in 7 we excluded the occurrence of the emission from interstitial QDs by highly spatially resolved scanning techniques. By increasing the sample temperature, both QDs show a redshift of their emission line, caused by the shrinking of the material bandgap. Due to thermal activation of the carriers and the rather shallow confinement the measured intensity strongly drops for higher temperatures. However the intensity of QD A drops more rapidly than for QD B. To discuss this further we take a closer look on the temperature dependence of the integrated intensity. Fig. 2(c) and 2(d) show the integrated intensity over 1/T in a semi-logarithmic plot. A simple rate equation model 12 leads to equation (1) which describes the observed behavior in good agreement:
The acquired data can only be reproduced accurately over the entire temperature range by taking two different loss channels with activation energies E 1 and E 2 into account. In this model, I 0 is the extrapolated integrated QD intensity at 0 K and C 1 and C 2 describe the proportion of both loss channels. The parameters obtained by fitting the measured data are shown in the respective figure. Whereas the smaller activation energy is responsible for the initial drop in the QD intensity, and correlates with the activation from an electron trapped in the QD ground state into the surrounding barrier or delocalized states in the wettinglayer. The values determined for the two QDs are E 1A = 30.7 ± 1.1 meV for QDA (and E 1B = 17.4 ± 1.2 meV for QDB), which are in general agreement with calculations of InGaAs QDs with a height of ∼2 nm, a base-length of ∼25 nm and an indium content of 50 %, amounting to ∼30 meV. The deviation from this value for QDB can be explained by the shape anisotropy between different QDs, causing strong shifts in the energy levels via the effects of quantum confinement. The second term in Eq. (1) describes the behavior in the higher temperature region. Here the activation energies E 2A = 102.2 ± 0.4 meV and E 2B = 163.2 ± 1.3 meV are in agreement with the energetic exciton confinement in the QDs (i.e. the difference between the exciton transition energy and the GaAs bandedge) which amounts to 100 meV for QDA vs. 144 meV for QDB. This value describes the deviation in the high temperature region from a single-exponential intensity drop. Additionally, the sample temperature also has a strong influence of the single-QD emission lineshapes, as for example discussed in Ref. 13 for high quality self-assembled QDs. In order to determine the broadening properties of our SCQDs, we investigated the temperature and power induced broadening of the lines. Fig. 3(a) and 3(b) depict the temperature dependent linewidth of QD A and QD B, respectively. The full width at half maximum (FWHM) of the single QD emission linewidth is plotted as a function of the sample temperature. The increase in linewidth attributed to acoustic and optical phonon scattering can be described by following equation:
Where γ 0 is the linewidth at T = 0, the second and third term give the acoustic and optical phonon scattering and E LO is the activation energy of longitudinal optical-phonons. The measured data for both, QD A and QD B can be accurately reproduced by this dependency, as shown in Fig. 3(a) and 3(b) . In the low temperature regime the linear term dominates and the fit leads to γ acA = 0.261 ± 0.032 μeV and γ acB = 0.173 ± 0.033 μeV. This is in agreement to measured values of self-assembled InAs QDs. 14 At higher temperatures exceeding 50 K, the linewdith dependency is clearly dominated by the influence of the optical phonons, causing a pronounced broadening. For both QDs, the extracted activation energy of the optical phonons (30.9 ± 4.8 meV for QD A and 32.3 ± 0.8 meV for QD B) is in agreement with reports on self-assembled InAs QDs, which gives further evidence for phononic origin of this broadening mechanism. The extrapolated single QD linewidth of both QDs at 0K are γ T0A = 94.63 ± 0.76 μeV and γ T0B = 45.61 ± 0.83 μeV, respectively. These values are much higher than the homogenous linewidth and may be attributed to carries that are nonresonantly generated in the QD surrounding and to defect states close by arising from the etching technique. By studying the power dependency of the two QDs we observe a fundamentally different behavior of the emission linewidth: QD B with a higher optical quality shows the expected power broadening, which is caused by carriers in the environment of the QD (Fig. 3(d) ). 15 Such power broadening phenomena have been previously reported on high quality SCQDs, 9 and high quality self-assembled QDs. 15, 16 Consequently, the presence of the close-by defect is not a necessity to observe this broadening effect, however it can contribute to it. In stark contrast, the linewidth of QDA decreases with increasing power (Fig. 3(c) ). We believe that this peculiarity is indeed caused by the influence of the nanopit. A large carrier reservoir excited by the excitation laser could electrostatically screen the excitons in the QD from the charges trapped in the defect, and a power induced linewidth narrowing could indeed be expected in such a configuration.
In conclusion, we have carefully analyzed the temperature dependent signatures from positioned QDs as a function of the sample temperature. Phonon related linewidth broadening was identified as the dominating broadening mechanism at sample temperatures exceeding 50 K, while spectral diffusion, which is sensitive to the excitation power, sets an inherent limit for the linewidth at lower temperatures.
